The Pseudomonas R factor RP1 determines an inducible tetracycline resistance similar to that described for Escherichia coli R factors. The level of RP1-determined resistance measured by minimal inhibitory concentration testing is dependent on the host bacteria and corresponds to the magnitude of decrease in tetracycline accumulation by RPl-containing organisms. The tetracycline resistance mechanism is inactivated at low temperatures. The effect of metabolic inhibitors on tetracycline accumulation by susceptible organisms under various conditions indicates a possible nonspecific effect of cellular energy metabolism on tetracycline uptake.
The accumulation of tetracyclines by tetracycline-susceptible Escherichia coli has been demonstrated by several investigators (2, 5, 8) . This accumulation has some of the characteristics of an active transport process but does not fulfill the criteria for a typical carrier system (8, 17) . R factor-mediated resistance to tetracyclines appears to result from a decrease in accumulation of the drug by R+ cells. Furthermore, several R factors have been shown to confer a low level of resistance which can be sharply increased by a short period of growth in a subinhibitory concentration of tetracycline (16) . Inducible R factor-determined tetracycline resistance systems have been described in E. coli (18) , Proteus (9) , and Pseudomonas (22) .
We have previously described some of the properties of the broad host range Pseudomonas R factor RP1 (formerly designated R1822 in this laboratory), which carries resistance to carbenicillin, tetracycline, and neomycinkanamycin (15) . The substrate profile of the RP1 beta-lactamase enzyme has been found to be similar to that of the beta-lactamase determined by the E. coli R factor RTEM (10, 21) , indicating a possible common origin of Pseudomonas and E. coli R factor genes. The enzymes involved in E. coli R factor-determined inactivation of neomycin and kanamycin have been described by Davies and co-workers (4, 10) . In contrast to the RP1 jB-lactamase, the neomycin phosphotransferase enzyme of RP1 has a substrate profile which distinguishes it from phosphotransferases I and II determined by E. coli R factors (Julian Davies, personal communication).
The nature of RP1-mediated tetracycline resistance is also of interest for comparison with that for other R factors with respect to the possible origins and evolution of R factor resistance genes. Tetracycline resistance is particularly interesting because of the relatively high frequency with which it is found on R factors. In addition, the broad host range of the RP1 plasmid makes it a particularly good subject for a study of the host and plasmid contributions to the expression of plasmid genes. This paper describes some of the properties of RP1-mediated tetracycline resistance and the effect of the host bacteria on the expression of this resistance.
This report is a part of an investigation being conducted by P 12 ,000 x g, washed with distilled water, and suspended in 1 volume of resting-cell buffer.
RESULTS
Expression of tetracycline resistance in diverse gram-negative hosts. The level of antibiotic resistance conferred upon a bacterial strain by a particular R factor has been shown in several instances to depend on the identity of the host bacteria as well as the R factor (1, 11, 19) . To ascertain the effect of the host on the expression of RP1 tetracycline resistance, the MIC of tetracycline was determined for a variety of RP1-containing strains and their Rparents. The MIC values in Table 1 show that the expression of tetracycline resistance is host dependent. Resistance levels vary among strains within a given species, as well as between genera or species. There was, however, no difference in expression among R+ isolates of a given strain. Although the intrinsic (R-) resistance of the host bacteria may contribute to the overall R+ resistance, there is a significant degree of variation in expression which is independent of the R-resistance level (compare R+ and R-MIC values for E. coli CR34, Salmonella typhimurium LT2, and P. fluorescens PF015.4 in Table 1 ).
To show that the observed variations in resistance levels were, in fact, host-dependent changes in the expression of R factor genes, matings were carried out in which RP1 was transferred from an R+ strain with a low tetracycline MIC to an R-recipient strain capable of a high level of expression of tetracycline resistance. The resistance level of exconjugants from these crosses was characteristic of the recipient strain and independent of the level of expression of the donor.
Tetracycline accumulation by R+ and Rbacteria. The correlation between the acquisition of RP1-mediated tetracycline resistance and the degree of accumulation of tetracycline by various bacteria is shown in Table 2 . The uptake values show clearly that in every case the R+ bacteria accumulate less tetracycline than the R-host. Comparison of the R-/R+ uptake ratios with the corresponding MIC values indicates that the magnitude of the decrease in accumulation by R+ cells corresponds to the level of expression of the R factor. For example, S. typhimurium LT2 and Vibrio cholera VCF2, which show the same high level of expression in MIC tests, have similar R-/R+ uptake ratios; while E. coli CR34 and P. putida PP013.12 with low MIC values also have lower R-/R+ uptake ratios. The magnitude of the decrease in accumulation by R+ cells at this concentration is also influenced by the intrinsic resistance of the host bacteria. Thus, the two P. aeruginosa strains which are relatively resistant without the R factor have a lower R-/R+ uptake ratio than would be expected from the R+ MIC values.
Time course studies of uptake by several of Table 2 show that R-cells accumulate tetracycline at a constant rate over the periods studied, whereas R+ cells do not continue to accumulate the drug over a basal level seen at all sampling times. The uptake patterns for two representative strains are shown in Fig. 1 . The effect of tetracycline concentration on drug accumulation by S. typhimurium LT2 and S. typhimurium LT2(RP1) is shown in Fig. 2 . At tetracycline concentrations between 1 and 25,ug/ml there is a marked difference between R+ and R-uptake, but at concentrations of 50 ,ug/ml and above R+ and R-cells take up approximately the same amount of the drug. It is interesting to note that tetracycline accumulation increases linearly with concentration up to the highest concentration used, which is close to the limit of solubility of the drug in aqueous medium. A double-reciprocal plot of the rate of R-uptake versus the tetracycline concentration yields a straight line which passes through zero. Thus, tetracycline accumulation does not appear to involve a saturable uptake mechanism or an enzyme system which follows typical Michaelis-Menton kinetics (14). Induction of high-level tetracycline resistance. Although cells carrying RP1 take up less tetracycline than R-strains at concentrations below 50 ,g/ml, they remain susceptible to relatively low tetracycline concentrations (20 ,ug/ml) in broth culture. Moreover, calculation of the concentration of cell-associated tetracycline for both R+ and R-strains in the experiment shown in Table 2 shows that both R+ and R-cells accumulate tetracycline up to several times the original external concentration.
Previous studies with E. coli have shown that very high levels of resistance can be induced by preexposure to a low concentration of tetracycline (7, 12, 18 (Fig. 3) . Whereas all three challenge doses are inhibitory for uninduced cells, only the highest dose is completely inhibitory after induction. The ability to induce cells to high levels of tetracycline resistance was dependent upon the presence of RP1 and could not be accomplished in CR34 either at the concentrations routinely used for CR34(RP1) (0.5 to 1.0 gg/ml) or at a lower concentration (0.1 gg/ml) which does not inhibit growth of CR34.
The effect of induction on tetracycline uptake is shown in Fig. 4 Addition of chloramphenicol during the preincubation period prevents induction of high-level resistance (Fig. 5) . Over a 30-min incubation period, chloramphenicol has little or no effect on tetracycline uptake by uninduced cells but prevents the reduction in uptake seen after induction. Therefore, protein synthesis is apparently required for the induction of in- 20, 40 , and 80gg of tetracycline per ml on cell growth after preincubation with or without I Mg of tetracycline per ml was determined by optical density measurements. The tetracycline concentration (micrograms per milliliter) during preincubation is given by the number preceding the hyphen, and the concentration during challenge is given by the number following the hyphen. creased tetracycline resistance in R+ bacteria.
Since colony formation on agar plates probably represents induced levels of resistance, the difference in the level of expression of RP1-determined tetracycline resistance in different bacteria might represent differences in the ability to induce high-level resistance or the degree of induction that occurs. Induction experiments like the one shown in Fig. 3 were carried out with E. coli CR34(RP1), a low-level expressor; E. coli J53(RP1), an intermediate-level expressor; and S. typhimurium LT2(RP1), a highlevel expressor. The degree of protection provided by induction against 20-, 40-, and 80-,ug challenge doses of tetracycline per ml was the same for all three organisms. Thus, the amount of induction does not appear to be the controlling factor in determining the different MIC levels of RP1-containing organisms. We have not investigated possible variation in the time or minimal tetracycline concentrations required for induction. It should also be noted that resistance levels are much lower in broth culture and different mechanisms may be in operation depending on the growth rate, availability of the drug, etc., than pertain in the MIC test on solid media.
Effect of inhibitors of energy metabolism on tetracycline accumulation by sensitive bacteria. Early studies of tetracycline accumulation by tetracycline-susceptible E. coli showed that accumulation was reduced in the Franklin reported previously that efflux of tetracycline from susceptible cells is temperature dependent (8) . Thus, the apparent increase in R+ accumulation at 5 C might simply reflect a lack of efflux of accumulated drug. The effect of temperature on the loss of cell-associated ['H ]tetracycline after uptake at 5 or 37 C is shown in Fig. 6 . There was no significant efflux of tetracycline at 5 C by either E. coli CR34 or E. coli CR34(RP1). At 37 C, 60 to 70% of the cell-associated [3H]tetracycline was lost within 15 min by CR34 cells after either 5 or 37 C accumulation and by CR34(RP1) after 5 C accumulation. CR34(RP1) cells which took up much less tetracycline at 37 C showed very little loss of cell-associated counts at 37 C. Since the temperature effect on efflux is the same for both R+ and R-cells, it would seem unlikely that the selective increase in R+ accumulation at low temperatures is due to prevention of efflux. It is A CBS40 SC * 37C a interesting to note that the amount of tetracycline accumulated at 37 C by CR34(RP1) cells induced to a high level of resistance was equal to the amount which remains associated with CR34 cells after efflux at 37 C, 2 ng/10' cells. This may represent tetracycline which is nonspecifically bound to the cell and is not transported into the cytoplasm or available for inhibition of protein synthesis. Thus, the R factor product(s) may exclude tetracycline from the cell, and this product is either inactivated at low temperatures or made ineffective by phase changes in membrane lipids, causing a change in the conformation of the membrane (6). Lowtemperature inactivation could, therefore, be either a host-or plasmid-dependent phenomenon.
To distinguish between possible host and plasmid contributions to the low-temperature inactivation of RP1 resistance, tetracycline accumulation by the psychrophile P. fluorescens PF015.4SmR was measured at 5 and 30 C. This organism is able to grow at both 5 and 30 C. The results (Table 4) are the same as those observed with mesophilic strains. At the low incubation temperature, R+ cells accumulated the same amount of tetracycline as R-cells, whereas Raccumulation was unaffected by temperature.
Since the temperature at which the cells are grown might determine their behavior during subsequent incubation at low temperatures, MIC determinations were carried out at 5 and 30 C to determine whether resistance could be expressed by the psychrophile when growing at low temperatures. The MIC value for PF015.4SmR (RP1) ( Many of the characteristics of Pseudomonas R factor RP1-mediated tetracycline resistance reported in this paper are similar to those reported previously for E. coli R factor systems; the most striking similarity being the inducible nature of tetracycline resistance. Inducible tetracycline resistance has also been reported for Pseudomonas R factor R931 which is transferable only to other pseudomonads and for a tetracycline-resistant plasmid-containing strain of Staphylococcus aureus (20) . This similarity in the mechanisms of R factor-determined tetracycline resistance may represent a common origin for R factor genes in diverse organisms. Furthermore, Levy and McMurry (13) have recently reported the presence of a similar tetracycline-inducible protein in membrane fractions from minicells containing R factors of five different compatibility groups. However, much more information is needed concerning the precise mechanism of resistance and the gene products involved before evolutionary relationships can be established.
Our findings with respect to the tetracycline uptake mechanisms in susceptible cells differ somewhat from previous reports. Although we can demonstrate a reduction in tetracycline accumulation in the presence of azide when the conditions used by Izaki and co-workers (12) are reproduced, this effect does not pertain at more physiologically meaningful tetracycline concentrations or in more complex media. This lack of azide susceptibility at low tetracycline concentrations has also been observed by DeZeeuw (5) and by Reynard and co-workers (17) . Franklin and Higginson (8) and Reynard et al. (17) have reported that tetracycline accumulation reaches equilibrium within a few minutes at low drug concentrations, but net accumulation continues for prolonged periods at higher concentrations. Furthermore, as the concentration of tetracycline in the accumulation phase was increased, the rate of subsequent efflux progressively declined (8, 22) , but efflux could be stimulated by the addition of 2,4-dinitrophenol (8) . Thus, it would seem possible that at low tetracycline concentrations the tetracycline uptake-efflux system(s) rapidly reaches equilibrium and is not affected by azide, whereas at high tetracycline concentrations where net accumulation continues for a longer time stimulation of efflux, or more probably leakage, by a metabolic inhibitor causes a net reduction in drug accumulation. The effect of 2,4-dinitrophenol on accumulation at low tetracycline concentrations could be due to the same mechanism but involve a more pronounced effect on efflux than observed with azide.
An energy-dependent tetracycline uptake system would be expected to involve binding of tetracycline to a carrier system. There is, however, no good evidence for the existence of such a carrier. Reynard and Nellis (16) examined tetracycline uptake with respect to the usual criteria for carrier kinetics and were unable to demonstrate either saturation or competitive inhibition of tetracycline uptake. The inability to saturate tetracycline uptake has also been observed in this report and by Franklin (8) , who showed that a double-reciprocal plot of the rate of uptake versus the tetracycline concentration passes through the origin and does not yield a Km value as would be expected for a carrier system.
Although it would seem that an active uptake system would be required to accumulate tetracycline against a concentration gradient, as is observed in susceptible organisms, it is possible that tetracycline binds to cellular constituents within (and outside) the cell and thereby reduces the effective internal concentration of free tetracycline and obviates the need for active uptake. The internal concentration of free tetracycline may be reached rapidly, and equilibrium is established with the external concentration at low levels of tetracycline, but the availability of numerous sites for binding of a chelator such as tetracycline within the cell allows for continual accumulation when the external concentration of free drug is much higher than the internal concentration. Thus,
